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Background: Gp96 is the cellular receptor for Vip, a Listeria monocytogenes surface protein. The molecular details of

Gp96-Vip interaction are unknown.

Results: Cell surface expression of Gp96 increases upon Listeria infection. Gp96 N terminus is required for Vip interaction.
Conclusion: Gp96 N-terminal domain is exposed to the extracellular milieu and is required for optimal Listeria entry.
Significance: Our study provides topological insights into Gp96 plasma membrane association.

Listeria monocytogenes is an intracellular food-borne patho-
gen causing listeriosis in humans. This bacterium deploys an
arsenal of virulence factors that act in concert to promote cellu-
lar infection. Bacterial surface proteins are of primary impor-
tance in the process of host cell invasion. They interact with host
cellular receptors, inducing/modulating specific cellular
responses. We previously identified Vip, a Listeria surface pro-
tein covalently attached to the bacterial cell wall acting as a key
virulence factor. We have shown that Vip interacts with Gp96
localized at the surface of host cells during invasion and that this
interaction is critical for a successful infection iz vivo. To better
understand the importance of Vip-Gp96 interaction during
infection, we aimed to characterize this interaction at the
molecular level. Here we demonstrate that, during infection, L.
monocytogenes triggers the cellular redistribution of Gp96,
inducing its exposure at the cell surface. Upon infection, Gp96
N-terminal domain is exposed to the extracellular milieu in
L2071 fibroblasts and interacts with Vip expressed by Listeria.
We identified Gp96 (Asp'-Leu'”?) as sufficient to interact with
Vip; however, we also showed that the region Tyr'”°~Leu®*° of
Gp96 is important for the interaction. Our findings unravel the
Listeria-induced surface expression of Gp96 and the topology of
its insertion on the plasma membrane and improve our knowl-
edge on the Vip-Gp96 interaction during Listeria infection.
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Listeria monocytogenes is a facultative intracellular human
pathogen that causes listeriosis in immunocompromised indi-
viduals (1). L. monocytogenes enters the host via the consump-
tion of contaminated food; it invades the small intestine, colo-
nizes the liver and the spleen, and reaches the brain, and the
fetus in pregnant women (2). To enter, survive, and multiply
inside phagocytic and non-phagocytic cells, L. monocytogenes
deploys an arsenal of virulence factors that act together to
hijack cellular functions, promoting infection (3). Bacterial sur-
face proteins play critical roles in the interaction with host cells
and invasion. Importantly, the L. monocytogenes genome
encodes a large repertoire of surface proteins that promote
adhesion and/or invasion by binding and activating host mem-
brane receptors (4, 5). We identified and characterized Vip as
an L. monocytogenes surface protein covalently linked to the
bacterial peptidoglycan via its C-terminal LPXTG motif (6). We
have shown that Vip is required for infection in vivo and medi-
ates invasion of specific cultured cell lines. In addition, we iden-
tified the host protein Gp96 as the cellular receptor for Vip (6).

Gp96 is a 96-kDa chaperone belonging to the Hsp90 family.
This glycoprotein is constitutively and ubiquitously expressed.
It localizes mainly within the lumen of the endoplasmic reticu-
lum (ER)® (7) and shares ~50% homology at the amino acid
level with human cytosolic Hsp90, the major differences being
the N- and C-terminal extensions present in Gp96 but absent in
Hsp90 (8). In its C terminus, Gp96 contains a KDEL sequence
that is involved in retrograde transport from the Golgi appara-
tus to the ER and actively retains Gp96 within the ER (9).
Through its N terminus, Gp96 binds/hydrolyzes ATP (8, 10)
and chaperones multiple protein substrates. Consistent with
this function, Gp96 expression is increased under stress condi-
tions and accumulation of misfolded proteins (9). In addition to
its central role as a chaperone in protein quality control, Gp96
has been implicated in innate and adaptive immunity (7, 11).
Indeed, it can chaperone antigenic peptides, promoting their
delivery to antigen-presenting cells; it activates and/or induces

° The abbreviations used are: ER, endoplasmic reticulum; TLR, Toll-like recep-
tor; NHS, N-hydroxysuccinimide; N, N terminus; C, C terminus; NS, N termi-
nus short; CL, C terminus long; FL, full length; NT, non-treated.
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the maturation of dendritic cells (12, 13); and it has been shown
to be a master chaperone for Toll-like receptors (TLRs) (11, 14,
15). Importantly, gp96-deficient macrophages failed to respond
to ligands of both intracellular and cell surface-associated TLRs
(11).

Although Gp96 is mainly localized at the ER, it may be
exposed at the surface of certain cell types in particular condi-
tions such as cell activation, infection, or necrotic cell death (9,
16). Gp96 was detected at the surface of human cells derived
from tissues constituting tight human barriers that Listeria is
able to cross during infection; thus, such cells (Caco-2 and
human brain microvascular endothelial cells) should be prefer-
entially used to address the role of Gp96 in infection. Besides its
role as an L. monocytogenes receptor and because of its ability to
bind a variety of bacterial pathogens or their products, Gp96
emerged recently as a key mediator in the establishment of var-
ious human infections. The Neisseria gonorrhoeae surface pro-
tein PorB,, interacts with Gp96, promoting bacterial adher-
ence. Additionally, Gp96 sequestration through the binding of
PorB;, leads to an impairment of the immune response and
favors infection (17). Gp96 also serves as the cellular receptor
for enterotoxin A from Clostridium difficile (18), OmpA
expressed at the surface of Escherichia coli K1 (19-21), and
Als3, a major invasin of Candida albicans (22). Interestingly,
Gp96 is critical in C. albicans and E. coli K1 brain infections (22,
23). Very recently, Gp96 was also shown to interact directly
with Bap, a Staphylococcus aureus protein involved in biofilm
formation. Bap-Gp96 interaction provokes a significant reduc-
tion in the capacity of S. aureus to invade epithelial cells by
interfering with the fibronectin-binding protein invasion path-
way (24). Orientia tsutsugamushi and rotavirus directly modu-
late the expression of Gp96, disturbing innate and adaptive
immune responses and thus providing the appropriate environ-
ment for pathogen survival and proliferation (25, 26).

Despite the massive progress in understanding the roles of
Gp96 during pathogenesis, much remains to be learned.
Although Gp96 is often hijacked as a membrane protein that
serves as a receptor for bacterial virulence factors, the molecu-
lar mechanisms underlying its cellular membrane association
are still unknown. This study aimed to characterize the inter-
action between Vip and the surface-associated Gp96 and iden-
tify the domains that are driving this interaction required for
Listeria uptake into host cells.

Here we provide evidences showing that during infection L.
monocytogenes triggers the Gp96 cell surface expression in a
Vip-independent manner. We showed that the N-terminal
domain of Gp96 is the domain exposed at the cell surface. In
addition, we found that the first 170 amino acid residues of
Gp96 are sufficient to interact with Vip expressed at the Listeria
surface. Moreover, we demonstrated that Gp96 (Tyr'”’-
Leu®®°) is also exposed to the extracellular milieu and is impor-
tant for the interaction with Vip.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Cell Lines, and Culture Media—L. mono-
cytogenes EGDe strain was grown in brain-heart infusion broth
(Difco) at 37 °C with agitation. E. coli BL21(DE3) and E. coli
BL21-CodonPlus(DE3) were grown in Luria-Bertani medium
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TABLE 1
Sequences of the oligonucleotides used for quantitative RT-PCR
Name Primer sequences (5’ to 3')

hGAPDHR ctccgaccttcaccttece
hGAPDHF acagtcagcgcatcttc
Gp96-CL-fwd ggaattctcaaaacacaacaacatacc
Gp96-CL- rev ccctcgagttacaattcatctttttcage
Gp96-N-fwd ggaattcgacgatgaagttgatgtgg
Gp96-N-rev ccctcgagtcaaatgtcagttgg
Gp96-C-fwd ggaattcactagcctagacca
Gp96-C- rev ccctcgagttacaattcatectttttcage

(Difco) supplemented when required with 100 ug/ml ampicil-
lin (Calbiochem). J774 and 12071 cell lines were grown in
DMEM with 4.5 g/liter glucose and L-glutamine supplemented
with 10% fetal bovine serum (FBS) at 37 °C in a 7% CO, humid-
ified atmosphere. Caco-2 cells were grown in Eagle’s minimal
essential medium supplemented with sodium pyruvate, non-
essential amino acids, and 20% FBS. Cell culture media and
supplements were purchased from Lonza.

RNA Techniques—Total RNA was extracted from cell lines
with RNAsolv reagent (Omega Bio-Tek) as recommended by
the manufacturer. RNAs were treated with the TURBO DNA-
free kit (Ambion). RNA quality was monitored on an Experion
Automated Electrophoresis Station (Bio-Rad).

Quantitative Real Time RT-PCR Analysis—Real time
RT-PCR was performed as described previously (27). Up to 1 ug
of total RNA was reverse transcribed using the iScript cDNA
Synthesis kit (Bio-Rad). Primers were designed to produce an
amplicon length of 70-200 bp (Table 1). A standard curve was
generated for each primer pair using four 10-fold dilutions of
¢DNA. Quantitative PCR was performed for 45 cycles with 2 ul
of cDNA, 10 ul of SYBR® Green Supermix (Bio-Rad), and 0.25
pM (each) forward and reverse primers in a final volume of 20
pml. For each primer pair, a negative control (water) was
included during cDNA quantification. After PCR amplification,
a melting curve was generated for every PCR product to check
the specificity of the PCR. Data were analyzed by the compara-
tive Ct method, which provides the target gene expression value
as unitless-fold change in the unknown sample compared with
a calibrator sample (28). Both unknown and calibrator sample
target gene expression data were normalized by the relative
expression of a reference gene (GAPDH-encoding gene).

Biotinylation, Immunoprecipitations, and Pulldown Assays—
Cell surface proteins were biotinylated using the EZ-Link Sulfo-
NHS-Biotinylation kit (Pierce) following the manufacturer’s
protocol. Briefly, infected and non-infected live cells were
washed in PBS (pH 8) and incubated with 2 mm Sulfo-NHS-
biotin for 2 h at 4 °C. Sulfo-NHS-biotin was quenched with 100
mM glycine in PBS (pH 7.2) at 4 °C. Cells were lysed in radioim-
mune precipitation assay buffer, and Gp96 was immunopre-
cipitated from 600 ug of total protein extracts using 3 ug of
anti-Gp96 (SPA-850, Stressgen). E-cadherin was immunopre-
cipitated from 500 ug of total protein extracts using 3 ug of
anti-E-cadherin (H-108, sc-7870, Santa Cruz Biotechnology).
Immunocomplexes were captured with 60 ul of Protein G-Sep-
harose 4 Fast Flow (GE Healthcare). Proteins were eluted and
boiled in Laemmli buffer. Pulldown assays to capture biotiny-
lated proteins were performed overnight at 4 °C with end-over-
end rotation in a mixture of 200 ul of 50% slurry neutravidin-
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TABLE 2
Sequences of the oligonucleotides used to obtain the Gp96 variants
Name Primer sequences (5’ to 3')

Gp96-NS-fwd ggaattcgacgatgaagttgatgtgg
Gp96-NS- rev ccctgcagtcacaattcagaagttgactgg
Gp96-CL-fwd ggaattctcaaaacacaacaacatacc
Gp96-CL-rev ccctcgagttacaattcatctttttcage
Gp96-N-fwd ggaattcgacgatgaagttgatgtgg
Gp96-N-rev ccctcgagtcaaatgtcagttgg
Gp96-C-fwd ggaattcactagcctagacca
Gp96-C-rev ccctcgagttacaattcatctttttecage

agarose resin (Thermo Scientific) and 500 ug of total protein
extracts. Resin was washed three times with PBS at 4 °C, and
captured proteins were eluted in Laemmli buffer. Samples were
analyzed by SDS-PAGE followed by immunoblotting. Nitrocel-
lulose membranes were blocked with 5% skim milk in buffer A
(150 mm NaCl, 20 mm Tris-HCI (pH 7.4), and 0.1% Triton
X-100) for 1 h at room temperature. Primary and secondary
antibodies were diluted in 2.5% skim milk in buffer A as follows:
anti-Gp96, 1:2000; anti-E-cadherin, 1:500; anti-$-catenin
(H-102, sc-7199, Santa Cruz Biotechnology), 1:500; anti-actin
(AC-15, Sigma-Aldrich), 1:5000; HRP-conjugated secondary
antibodies (PARIS Anticorps), 1:2000; and HRP-streptavidin
(Sigma-Aldrich), 1:2000.

Cloning, Expression, and Purification of Gp96 Variants—
DNA encoding Gp96 variants (N terminus (N), C terminus (C),
N terminus short (NS), and C terminus long (CL)) was ampli-
fied by PCR using the full-length Gp96-encoding sequence and
primers listed in Table 2. PCR products were digested by EcoRI
and Xhol and cloned into pGEX4T-1 (GE Healthcare). The
insert was confirmed by PCR and sequencing. Plasmids were
introduced into E. coli BL21(DE3) or E.coli BL21-Codon-
Plus(DE3) for protein expression. Bacteria were grown over-
night in Luria-Bertani broth supplemented with ampicillin at
37 °C. The following day, a 1:40 subculture was incubated at
37 °C until it reached an absorbance at 600 nm (A4,,) of 0.3.
Cultures were then transferred to 30 °C, and Gp96 expression
was induced by addition of 0.3 mm isopropyl 1-thio-B-p-galac-
topyranoside (A4y, = 0.5). Cultures were centrifuged at 4700
rpm for 15 min at 4 °C, and pellets were stored overnight at
—20 °C. Pellets were resuspended in lysis buffer (PBS, 1 mm
4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (Calbi-
ochem), Complete protease inhibitor mixture (Roche Applied
Science), and 1 mg/ml lysozyme (Calbiochem)) and centrifuged
at 13,200 rpm for 15 min at 4 °C. Gp96 variants were captured
from the supernatants with a glutathione-Sepharose 4B 50%
slurry (GE Healthcare) overnight at 4 °C with end-over-end
rotation. Glutathione-Sepharose beads were washed four times
with PBS at 4 °C for 20 min. Three subsequent elutions were
performed with 250 ul of elution buffer (50 mm Tris-HCI and
10 mwm reduced glutathione). Eluted proteins were concen-
trated using Vivaspin 10-kDa-cutoff spin concentrators (Sarto-
rius). Protein purity was assessed by SDS-PAGE and Western
blot using anti-GST (sc-459, Santa Cruz Biotechnology;
1:1000), anti-Gp96 (H-212, sc-11402, Santa Cruz Biotechnol-
ogy; 1:1000), and anti-Gp96 (Stressgen; 1:2000) antibodies.

Ligand Overlay Assay—Bacterial lysates from E. coli harbor-
ing a Vip expression vector (pET22b-Vip) cultured in non-in-
duced and induced conditions were separated by SDS-PAGE
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and transferred onto a nitrocellulose membrane. The mem-
brane was incubated for 48 h in TEN solution (10 mm Tris-HCI,
1 mm EDTA, and 50 mm NaCl) at 4 °C, blocked with 5% skim
milk in buffer A, and then incubated with 25 ug/ml purified
full-length Gp96 (Gp96-FL), Gp96-N, or Gp96-C. Bound Gp96
proteins were detected with anti-GST antibody (1:1000). The
membrane was washed and incubated with HRP-conjugated
anti-rabbit antibody. The signal was revealed using an ECL
chemiluminescence detection system (Pierce).

In Vitro Invasion Assays—Invasion assays were performed in
L2071 cells cultured on 24-well plates following the gentamicin
survival assay as described previously (29). Bacterial suspen-
sions were treated 1 h prior to infection at room temperature
with purified Gp96-FL, Gp96-N, Gp96-C, Gp96-NS, and
Gp96-CL (25 and 100 pg/ml in DMEM). Bacteria used in con-
trol infections were treated with elution buffer used to elute
Gp96 variants. Bacteria were added to L2071 cells at a multi-
plicity of infection of 50 and incubated for 1 h at 37 °C and 7%
CO,,. After three washes with DMEM, cells were incubated for
90 min at 37 °C and 7% CO,, with DMEM containing 20 ug/ml
gentamicin (Lonza). Cells were lysed with 0.2% Triton X-100,
and serial dilutions of the lysates were plated in brain-heart
infusion agar to assess the number of viable intracellular bacte-
ria. When indicated, L2071 cells were treated (1 h prior to infec-
tion at 37 °C and 7% CO,) with 25 pg/ml rabbit polyclonal
anti-Gp96 (H-212) or 25 ug/ml normal rabbit IgG (sc-2027,
Santa Cruz Biotechnology).

RESULTS

Total Levels of Gp96 Are Not Affected by L. monocytogenes
Cellular Infection—We have previously shown that Gp96
serves as receptor for Vip, an L. monocytogenes surface protein.
In addition, our data showed that Gp96-Vip interaction has a
key role in Listeria infection in vivo and in vitro (6). Gp96 plays
an important role in pathogenesis, and its expression is directly
modulated by different pathogens such as O. tsutsugamushi
(25) and rotavirus (30). Thus, we investigated whether Listeria
interferes with Gp96 expression during infection. We used
three different cell lines that are relevant in the context of Lis-
teria infection: human epithelial colorectal adenocarcinoma
cells (Caco-2) are commonly used to mimic the intestinal bar-
rier, L2071 cells are mouse fibroblasts used as an in vitro model
for Listeria invasion, and J774 cells are murine macrophages
frequently used for Listeria intracellular multiplication assays.
Listeria invasion of Caco-2 and L2071 was shown to be depend-
ent on Vip-Gp96 interaction (6). We first quantified gp96 tran-
scripts in infected cells as compared with non-infected controls
(Fig. 1A). Caco-2 cells and J774 macrophages were infected
with L. monocytogenes wild type (WT) or the deletion mutant
Avip. At different times post-infection, total RNAs were
extracted, and gp96 expression, relative to the expression of
gapdh, was evaluated by quantitative RT-PCR. Our results
showed that in Caco-2 cells the levels of gp96 mRNA do not
change in response to infection. In J774, the levels of gp96
mRNA appeared slightly increased in infected cells as com-
pared with non-infected cells (Fig. 1A). This increase was inde-
pendent from Vip expression. To verify these results, we
assessed by Western blot the expression of Gp96 in total pro-

JOURNAL OF BIOLOGICAL CHEMISTRY 43085



Vip Binds to the N Terminus of Gp96

A 30
L 251
5
o
S 20
E=1
k) BN
S 151 a
s WT
o
g 1.0 OAvip
=
& 05
“Caco2 Caco-2 1774 1774
Timep.i. 15min  5h 1h 6h
B WT Avip C
NI I 2 4 1 2 4 Hoursp.i.
S
Q Gp96 a
2 E
O actin §
T:) B Caco-2
— Gp96 =
S = 012071
Q Q
—~ actin 2
Hours p.i.
Gp96
=
IS
W actin

FIGURE 1.Expression levels of Gp96 are not affected by L. monocytogenes cellular infection. A, levels of gp96 expression were assessed by real time RT-PCR
in Caco-2 and J774 non-infected (NI) or infected with L. monocytogenes WT or Avip for different periods of time. Represented values are relative to the
expression of gapdh in the same conditions. Error bars represent S.D. B, Caco-2, L2071, and J774 cells were left non-infected or were infected with L. monocy-
togenes WT or Avip for 1, 2, and 4 h. Cells were lysed at different time points, and levels of Gp96 were assessed by Western blot. Actin was used as loading
control. C, for each condition, expression levels of Gp96 relative to the expression of actin were quantified. p.i., post-infection.

tein extracts from Caco-2, 12071, and J774 infected by L. mono-
cytogenes W'T or Avip for various time points (Fig. 1, B and C).
We observed that Listeria infection does not interfere with the
total levels of Gp96 (quantifications are provided in Fig. 1C).
These results indicate that the minor increase observed in gp96
mRNA levels in Listeria-infected J774 did not result in an
increase of the total Gp96 protein levels. Altogether these data
show that L. monocytogenes does not adjust Gp96 expression.
L. monocytogenes Cellular Infection Induces the Surface
Expression of Gp96—Taking into account our findings showing
that Gp96 acts as a receptor for Listeria at the surface of host
cells (6) and considering that under stress conditions Gp96
localizes at the cell surface, we hypothesized that Listeria could
induce Gp96 cellular redistribution, promoting its exposure to
the extracellular milieu. To evaluate whether Gp96 becomes
surface-exposed upon infection, L2071 and Caco-2 cells were
left uninfected or infected with L. monocytogenes for 1 h after
which cell surface proteins were biotinylated. Cells were har-
vested and lysed, and the total Gp96 was immunoprecipitated
from whole-cell extracts containing biotinylated surface pro-
teins. Immunoprecipitates were revealed for Gp96 and biotin
by Western blot (Fig. 24). Streptavidin revealed a protein at the
molecular weight of Gp96 only in infected cells (Fig. 24, upper
panel). We also observed that Gp96 was immunoprecipitated
to a similar extent from lysates of infected and non-infected
cells (Fig. 2A, middle panel). In accordance, the levels of Gp96
in total cell lysates were similar in infected and non-infected
cells (Fig. 24, lower panel). Together these results suggest that
Gp96 becomes localized at the surface of the host cell in
response to Listeria infection. To further confirm these find-
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ings, we performed pulldown assays using neutravidin-coupled
beads to recover only biotinylated proteins from infected and
non-infected Caco-2 whole-cell extracts. Proteins bound to
neutravidin beads were analyzed by Western blot. The anti-
Gp96 antibody revealed a band in Listeria-infected Caco-2
cells, thus confirming that Gp96 is exposed to the extracellular
milieu upon infection (Fig. 2B, upper panel). As a control, we
used an anti-E-cadherin antibody and showed that levels of
biotinylation of this host transmembrane protein are identical
in infected and non-infected cells (Fig. 2B, lower panel). To
show that the biotin labeling was restricted to the surface pro-
teins and confirm that cytoplasmic proteins were not biotin-
labeled in our experiments, we performed control experiments
using whole-cell lysates containing biotinylated surface pro-
teins from Caco-2 in infected and non-infected conditions.
E-cadherin was immunoprecipitated, and immunoprecipitates
were revealed using specific antibodies for E-cadherin (trans-
membrane protein), its ligand B-catenin (an intracellular pro-
tein), and streptavidin (Fig. 2C). We observed that E-cadherin
and B-catenin were similarly expressed in infected and non-
infected Caco-2 cells. In addition, we confirmed that our immu-
noprecipitates contained both E-cadherin and [-catenin.
However, only E-cadherin was detected by streptavidin in
immunoprecipitates from infected and non-infected cell lysates
(Fig. 2C). These results indicate that in our experimental con-
ditions biotin labeling is restricted to the cell surface proteins,
thus reinforcing our findings and definitively indicating that
Gp96 is addressed to the host cell surface in response to Listeria
infection.
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FIGURE 2. L. monocytogenes infection induces the cellular redistribution of Gp96 and its exposure to the extracellular milieu. A, L2071 and Caco-2 cells
were infected (/) with L. monocytogenes WT or left uninfected (NI). Surface-exposed proteins of infected and non-infected cells were biotinylated, and cells were
lysed. Gp96 was immunoprecipitated (IP:Gp96) from total cell lysates, and immunoprecipitates were revealed for Gp96 and streptavidin. As a control, Gp96 was
revealed in whole-cell extracts (WCE). B, Caco-2 cells were infected (/) with L. monocytogenes WT or left uninfected (N/). Surface-exposed proteins of infected and
non-infected cells were biotinylated. Total cell extracts were subjected to a pulldown assay using neutravidin beads. Biotinylated proteins recovered by the
neutravidin beads were revealed for Gp96 and as a control for E-cadherin (E-cad), a 120-kDa transmembrane protein. C, total extracts from surface biotin-
labeled infected (/) or non-infected (NI) Caco-2 cells were immunoprecipitated with an anti-E-cadherin antibody. Immunoprecipitates were revealed for
E-cadherin, B-catenin (B-cat; a 92-kDa intracellular protein), and streptavidin (Strep). D, surface localization of Gp96 induced by Listeria infection is Vip-
independent. Cells were infected with L. monocytogenes WT or Avip for 1 or 2 h. Surface proteins were labeled with biotin, and cells were lysed. Immunopre-
Cipitates obtained with an anti-Gp96 antibody were revealed for Gp96 and streptavidin. The asterisk (*) indicates the band corresponding to Gp96. p.i.,

post-infection.

Because Gp96 plays a key role as a Listeria cellular receptor in
Vip-mediated bacterial entry (6), we investigated whether
Gp96 surface expression was driven by the bacterial Vip pro-
tein. To address this question, Caco-2 cells were infected for 1
or 2 h with L. monocytogenes W'T or Avip. After infection, host
cell surface proteins were biotinylated (as above). Gp96 immu-
noprecipitates were analyzed and revealed with both an
anti-Gp96 antibody and streptavidin. A band revealed by
streptavidin and corresponding to Gp96 appeared in immuno-
precipitates from cells infected by L. monocytogenes WT or
Avip (Fig. 2D). These results indicate that the surface localiza-
tion of Gp96 induced by Listeria infection is independent of
Vip.

Listeria Invasion Is Impaired in Cells Treated with Anti-Gp96
Antibody—Although we showed here that Listeria infection
induces membrane relocalization of Gp96 and other studies
report the presence of Gp96 at the cellular membrane, the
molecular mechanisms governing the Gp96 membrane local-
ization remain largely unknown. We used L. monocytogenes as a
tool to identify the domain of Gp96 exposed at the cell surface.
We assumed that the Gp96 domain engaged in the interaction
with Vip, which allows bacterial internalization, might be
exposed at the cell surface. Regarding this, we hypothesized
thatan antibody recognizing such domain should compete with
Vip and impair Listeria invasion. In accordance with this
assumption, we have previously shown that Listeria invasion is
impaired in cells treated with an anti-Gp96 antibody raised
against the entire protein (6). Here we evaluated the capacity of
the anti-Gp96 antibody (H-212), raised against amino acid res-
idues 179-390 of human Gp96, to interfere with Vip-Gp96
interaction and block bacterial internalization. L2071 cells were
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25 pg/ml concentration of either anti-Gp96 (H-212) or normal rabbit IgG were
infected with WT or Avip L. monocytogenes. Bacterial entry levels in NT, rabbit
1gG control-, and anti-Gp96-treated cells were assessed by gentamicin sur-
vival assays. Values are given relative to the invasion of the WT strain into
L2071 NT cells arbitrarily fixed to 100. Experiments were repeated twice in
triplicate for each condition. Error bars represent S.D. Statistically significant
differences are indicated: **, p < 0.01; ***, p < 0.001.

incubated with the anti-Gp96 H-212 antibody described above
and then infected with L. monocytogenes W'T or Avip. Levels of
bacterial internalization were assessed by gentamicin survival
assays. We observed that the entry level of Listeria WT was
reduced to =~50% in anti-Gp96 H-212-treated cells as com-
pared with the control non-treated (NT) cells. Incubation of
cells with control rabbit IgG had no effect on the number of
intracellular bacteria (Fig. 3). In addition, in NT cells, L. mono-
cytogenes Avip showed a ~40% invasion defect as compared
with the WT strain, thus confirming the involvement of Vip in
L2071 invasion. Importantly, we noticed that anti-Gp96 anti-
body or control rabbit IgG cellular pre-treatments do not sig-
nificantly affect the remaining invasion capacity of Listeria Avip
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FIGURE 4. The N-terminal domain of Gp96 blocks Listeria invasion of
L2071 cells. A, schematic representation of full-length and truncations of
Gp96. Domains and amino acid residue positions are indicated. Gp96 pos-
sesses an N-terminal signal peptide and a C-terminal KDEL motif responsible
for ER retention. Gp96 contains several conserved domains: a nucleotide-
binding site (NBD), an acidic domain (AD), a peptide-binding domain (PBD),
and a region crucial for dimerization (DD). The recognition site of H-212 anti-
body is indicated. B, the N and C termini of Gp96 were expressed in E. coli as
GST fusion proteins (GST-Gp96-N and GST-Gp96-C) and purified using a glu-
tathione affinity chromatography approach. Purified truncated proteins (N
and C) were analyzed by SDS-PAGE and Coomassie Blue staining. Western
blots (WB) using anti-GST and anti-Gp96 antibodies were also performed.
Molecular masses are indicated. C, WT L. monocytogenes was incubated with
either 25 or 100 pg/ml purified Gp96-N or Gp96-C and used to infect L2071
cells. Entry levels of treated and control NT bacteria were assessed by gen-
tamicin survival assays. Values are given relative to the invasion of the NT
bacteria into L2071 cells arbitrarily fixed to 100. Experiments were repeated
twice in triplicate for each condition. Error bars represent S.D. Statistically
significant differences are indicated: **, p < 0.01; ***, p < 0.001.

in L2071 cells (Fig. 3). Together these data show that L. mono-
cytogenes requires available Gp96 at the surface of host cells to
be fully invasive and that the exploitation of Gp96 as a receptor
is entirely dependent on the expression of bacterial Vip. In
addition, these results suggest that Gp96 (Tyr'”?~Leu®®) is
exposed outside of the cell and appears to be important in the
interaction with Vip, thus participating in the Vip-dependent
entry process.

Identification of a Putative Transmembrane Domain in Gp96—
Mature Gp96 encompasses several conserved domains: the N
terminus contains the nucleotide-binding site followed by the
acidic domain, whereas the peptide-binding domain and the
dimerization domain are located at the C terminus (Fig. 4A).
Considering the results described above showing that a Gp96
fragment encompassing amino acid residues 179-390 is, at
least partially, exposed at the cell surface and is important for
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the interaction with Vip, we searched for a Gp96 transmem-
brane domain. We performed an in silico analysis in an attempt
to identify a hydrophobic sequence that could suggest a puta-
tive transmembrane domain. This would give us an insight into
the Gp96 domain exposed at the cell surface and consequently
available to interact with Vip. The amino acid sequence of Gp96
was analyzed in two different transmembrane domain predic-
tion software programs (TMpred and Mobyle TopPred). Both
hydrophobicity profiles obtained revealed a hydrophobic
(putative transmembrane) domain in the region between
amino acids 166 and 190. In addition, both analyses suggested
the same transmembrane topology in which the Gp96 N termi-
nus (amino acids 1-166) would be exposed to the extracellular
medium and the C terminus (amino acids 190-781) would be
cytoplasmic.

These predictions appeared to be in disagreement with our
results. To further characterize the extracellular region of Gp96
and its domain interacting with Vip, we considered both the in
silico predictions and the experimental data showed in Fig. 3.
We designed various Gp96 truncations, purified the corre-
sponding proteins as GST fusions, and evaluated their capacity
to bind Vip and block infection of L2071 cells.

Purified Gp96-N (Asp’-I1e°®°) Impairs Listeria Cellular
Invasion—In accordance with the results obtained in cells
treated with the anti-Gp96 antibody and our published data
showing that purified Gp96 blocks Listeria invasion (6), two
expression vectors harboring truncated variants of Gp96 fused
to a GST tag were constructed (Fig. 44): Gp96-N (Asp'-11e>°°)
and Gp96-C (Thr*°'~Leu”®"). Note that the Gp96-N construct
encompasses the extracellular domain predicted by in silico
analysis and the region that is recognized by the blocking anti-
body (H-212). The GST fusion proteins (Gp96-N and Gp96-C)
were expressed in E. coli and purified by reduced glutathione
affinity chromatography. Purified proteins were analyzed by
Coomassie staining and Western blot (Fig. 4B). In Coomassie-
stained polyacrylamide gels, we observed that the purified pro-
teins displayed the expected molecular weight, and no major
contamination was detected (Fig. 4B, left panels). The Western
blot analysis using an anti-GST antibody revealed a major band
corresponding to the GST-Gp96 variants, indicating as
expected that the anti-GST antibody recognized the recombi-
nant proteins. Some weaker bands were visible below the band
corresponding to the full-length recombinant variants, suggest-
ing protein degradation or the existence of incomplete transla-
tion products with an intact GST tag (Fig. 4B, middle panels).
Recombinant proteins were also analyzed by Western blot
using the anti-Gp96 antibody (H-212). As expected, this anti-
body only recognized the N-terminal variant (Fig. 4B, right
panels).

The purified Gp96 variants described above were used to
determine the region of Gp96 engaged in Vip-Gp96 interaction
during Listeria cellular infection. We hypothesized that the
incubation of Listeria with Gp96 purified variants able to bind
Vip before infection would saturate Vip at the bacterial surface,
thus reducing Listeria invasion capacity. We performed in vitro
gentamicin survival assays using L2071 cells that we infected
with L. monocytogenes WT preincubated with 25 and 100
pg/ml purified Gp96 variants (Gp96-N or Gp96-C). As shown
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in Fig. 4C, bacteria treated with 25 ug/ml Gp96-N were ~5-fold
less invasive as compared with the control. This effect was even
greater when Listeria were incubated with 100 ug/ml protein,
revealing a dose-dependent effect. In contrast, the incubation
of bacteria with 25 ug/ml purified Gp96-C had no inhibitory
effect on the invasion of L2071 cells, and the 100 pg/ml treat-
ment caused a 1.5-fold decrease in bacterial invasion. This
defect appears to be minor as compared with the 10-fold reduc-
tion in the uptake of bacteria treated with 100 ug/ml purified
Gp96-N. Together these results suggest that Gp96-N interacts
with Vip expressed at the surface of Listeria, preventing its
interaction with Gp96 at the cell membrane and thus impairing
bacterial invasion.

Gp96 N-terminal (Asp’—11e*°°) Domain Directly Interacts
with Vip—To further demonstrate that Gp96-N directly inter-
acts with Vip, we performed a ligand overlay assay using puri-
fied Gp96 variants. Total extracts of E. coli expressing or not
expressing Vip fused to a His tag (Vip-His) were membrane-
immobilized and incubated with 25 ug/ml purified GST-Gp96-
FL, GST-Gp96-N, or GST-Gp96-C. The bound GST-Gp96
variants were detected with an anti-GST antibody. In mem-
branes incubated with GST-Gp96-FL or GST-Gp96-N, the
anti-GST revealed a protein band with the molecular weight of
Vip-His only in Vip-His-containing extracts (Fig. 54, upper
panel). No band was detected in membranes incubated with
Gp96-C. Therefore, these data indicate that Gp96-FL and
Gp96-N, but not Gp96-C, directly interact with Vip-His in
vitro. To confirm this observation, membranes were stripped
and immunoblotted with anti-His antibody. The same band
corresponding to the molecular weight of Vip-His was detected
in all the lanes containing extracts of E. coli expressing Vip-His
(Fig. 5A, middle panel), thus confirming that only Gp96-FL and
Gp96-N directly bind Vip. To ensure that the total amount of
E. coli extracts was the same in the different lanes, the samples
were adjusted according to the Ay, of the bacterial cultures.
We used as a loading control a nonspecific band revealed by the
anti-His antibody in all E. coli total protein extracts (Fig. 54,
lower panel).

We performed the reverse experiment to assess the capacity
of purified Vip to bind membrane-immobilized purified Gp96
variants (Fig. 5B). Different quantities of purified GST-Gp96-N
(3and 7 pg) and GST-Gp96-C (5 and 12 pug) were transferred to
a membrane, and the membrane was incubated with 25 ug/ml
purified Vip-His. To detect membrane-bound Vip, we used an
anti-His antibody. Bands at the molecular mass of Gp96-N (81
kDa) were detected in Gp96-N-containing lanes (Fig. 5B, upper
left panel), confirming the direct interaction between Vip and
Gp96-N. No bands were detected in Gp96-C-containing lanes
(Fig. 5B, upper right panel), confirming that Vip does not inter-
act with Gp96-C. As a control, the membrane was incubated
with anti-GST antibody, which revealed both Gp96-N and
Gp96-C at their expected molecular masses (81 and 57 kDa,
respectively) (Fig. 5B, lower panel).

These data confirm the direct interaction between the Liste-
ria surface protein Vip and the host protein Gp96. In addition,
our results show that the domain of Gp96 that interacts with
Vip comprises the Gp96 N-terminal region (Asp'-I1e>%).
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FIGURE 5. The N-terminal part of Gp96 directly interacts with Vip in vitro.
A, E. coli BL21(DE3) harboring a Vip-His tag expression vector were grown in
the absence (—) or presence (+) of 0.1 mm isopropyl 1-thio-B-p-galactopyra-
noside to induce the expression of Vip-His. Total extracts of E. coli were sep-
arated on a polyacrylamide gel, transferred onto a membrane, and probed
successively with 25 ug/ml purified GST-Gp96 variants (Gp96-FL, Gp96-N, or
Gp96-C) and anti-GST (Overlay Anti-GST). As control, the same whole protein
extracts were revealed with an anti-His antibody (WB Anti-His), showing the
presence of Vip-His only in isopropyl 1-thio-B-p-galactopyranoside-induced
(+) E. coli total extracts. Loading controls are shown for each condition.
B, purified GST-Gp96-N and -C were separated on a polyacrylamide gel, trans-
ferred to a membrane, and probed successively with 25 wg/ml purified Vip-
His and anti-His antibody (Overlay Vip-His). For the Gp96-N variant, 3and 7 ug
of purified protein were used. Higher amounts (5 and 12 ug) of Gp96-C were
used. Western blot using anti-GST antibody was performed to control for the
presence of GST-Gp96 proteins in the membrane (WB Anti-GST).

Purified Gp96 (Asp'—Leu'”®) Is Sufficient to Impair Listeria
Invasion of L2071 Cells—In accordance with the in silico pre-
dictions, two other truncated variants of Gp96 fused to a GST
tag were constructed (Fig. 64): Gp96-NS (Asp'-Leu'”) and
Gp96-CL (Val**°~Leu”®"). GST fusion proteins were expressed
in E. coli and purified by reduced glutathione affinity chroma-
tography (GST-Gp96-FL, GST-Gp96-NS, and GST-Gp96-CL).
Purified proteins were analyzed by Coomassie staining and
Western blot (Fig. 6B). In Coomassie-stained polyacrylamide
gels, we observed that purified proteins displayed the expected
molecular weight, and no major contamination was detected
(Fig. 6B, left panels). Western blot analysis using an anti-GST
specific antibody revealed a major band corresponding to the
three GST variants showing as expected that recombinant pro-
teins were recognized by the anti-GST antibody (Fig. 6B, mid-
dle panels).

The purified recombinant proteins described above were
used to determine the minimal region of Gp96 engaged in the
Vip-Gp96 interaction during Listeria cellular infection. We
performed in vitro invasion assays using L2071 cells infected
with L. monocytogenes preincubated with 25 and 100 ug/ml
Gp96 recombinant proteins (Gp96-FL, Gp96-NS, and Gp96-
CL). The capacity of Gp96-treated bacteria to enter the cells
was assessed. As shown in Fig. 6C, bacteria treated with 25
pg/ml recombinant Gp96-NS were ~7-fold less invasive as
compared with the control. This effect was even greater (15-
fold) when bacteria were incubated with 100 ug/ml protein,
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FIGURE 6. The N-terminal Gp96 (Asp’-Leu'”?) is sufficient to block Liste-
ria invasion of L2071 cells. A, schematic representation of full-length and
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On the contrary, the C-terminal variant is longer (GST-Gp96-CL) and includes
the H-212 antibody-binding site. B, Gp96-NS and -CL constructs were
expressed in E. coli as GST fusion proteins and purified using a glutathione
affinity chromatography approach. Purified truncated proteins (NS and CL)
were analyzed by SDS-PAGE and Coomassie Blue staining. Western blots (WB)
using anti-GST were also performed. Molecular masses are indicated. C, wild
type L. monocytogenes were incubated with either 25 or 100 wg/ml purified
GST-Gp96-FL, Gp96-NS, or Gp96-CL and used toinfect L2071 cells. Entry levels
of treated and NT bacteria were assessed by gentamicin survival assays. Val-
ues are given relative to the invasion of the non-treated bacteria into L2071
cells arbitrarily fixed to 100. Experiments were repeated three times in tripli-
cate for each condition. Error bars represent S.D. Statistically significant dif-
ferences are indicated: *, p < 0.05; ***, p < 0.001. NBD, nucleotide-binding
site; AD, an acidic domain; PBD, peptide-binding domain; DD, region crucial
for dimerization; Ctr, control.

revealing a dose-dependent effect. As expected, a reduction of
the invasive capacity was also observed for bacteria preincu-
bated with Gp96-FL protein. In contrast, the incubation of bac-
teria with 25 pg/ml purified Gp96-CL had no effect on the
invasion of L2071 cells. The 100 pg/ml treatment induced a
1.5-fold decrease in bacterial invasion that appears to be minor
as compared with the effects observed for Gp96-FL- or Gp96-
NS-treated bacteria. Together these results suggest that
Gp96-NS (Asp'-Leu'”®) is sufficient to interact with Vip
expressed at the Listeria surface, saturating the bacterial sur-
face, preventing Vip interaction with Gp96 at the cell mem-
brane, and impairing bacterial invasion.

DISCUSSION

We have previously shown that Vip, a surface protein of L.
monocytogenes, interacts with Gp96 and uses it as a cellular
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receptor to invade cultured cell lines (6). In this study, we
undertook the molecular characterization of the Vip-Gp96
interaction in an attempt to better understand how Gp96,
thought to be essentially localized at the ER, could serve as a
cellular receptor for a bacterial pathogen. We show here that
Listeria infection triggers the cell surface localization of Gp96
in cultured epithelial cells without inducing an increase of the
total expression level of Gp96.

Gp96 has been reported to be the membrane-associated
eukaryotic ligand for various bacterial surface proteins,
although the outcome of this interaction appear to be different
depending on the bacterial partner (6, 17, 21, 24, 31-33). Com-
monly, pathogen ligands interact with surface-exposed Gp96,
and presumably this interaction leads to the activation of host
signaling cascades that facilitate bacterial invasion or adhesion.
However, the mechanisms that govern the cell surface expres-
sion of Gp96 and overcome its ER retention remain largely
unknown. Possibly, cellular infection triggers stress signals
favoring Gp96-specific protein interactions that could mask the
KDEL motif or induce its cleavage, thus circumventing Gp96
ER localization. We show here for the first time that Listeria
infection promotes the cell surface expression of Gp96 in epi-
thelial cells. This cell surface expression seems to be due to a
relocalization of Gp96 and not to an increase of its total expres-
sion level. Another heat shock protein (Hsp60) was also shown
to be expressed at a greater level at the surface of Caco-2 cells
infected by Listeria. Hsp60 interacts with Listeria adhesion
protein (LAP) (34), promoting transepithelial translocation
(35). Recently, it was shown that E. coli K1 infection of neutro-
phils increases the cell surface expression of Gp96, which acts
as a receptor for bacterial entry (23). In contrast with our
results, in both cases, the cell surface expression of Hsp60 and
Gp96 is the result of a general increased expression of these
proteins in response to infection.

We found that at least part of the N-terminal domain (Asp'—
Leu?*?) of Gp96 is exposed to the extracellular milieu, and we
identified this domain as encompassing the minimal region
involved in the direct interaction with Vip. Our experimental
data indicate that Gp96 residues 1-170 (Asp'—Leu'”°) are suf-
ficient to bind Vip, and thus, this region is likely to be exposed at
the cell membrane. This assumption is in agreement with the in
silico predictions that reveal a transmembrane domain between
residues 166 and 190. Nevertheless our data also suggest that
the amino acid 179 -390 region (Tyr'”°~Leu>*°) is exposed to
the extracellular milieu and may contribute to the Vip-Gp96
interaction. Indeed, bacteria treated with 100 ug/ml purified
Gp96-CL showed a 30 —40% decrease in invasion, suggesting
that Gp96-CL interacts with Vip probably through the
amino acid residue 190-390 region. However, the same
results were observed for bacteria treated with 100 ug/ml
Gp96-C, suggesting that the reduced invasion capacity
observed in these conditions could be due to a nonspecific
effect induced by high protein concentration. Taking into
account the in silico predictions, the Gp96 region between
amino acid residues 179 and 390 would be intracellular. Our
results suggest the existence of other transmembrane
domains that are not predictable.
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The interaction between OmpA, an outer membrane viru-
lence factor of E. coli K1, and Gp96 expressed in human brain
microvascular endothelial cells is to date the best characterized
(19, 21, 32, 36 —40) and is usually used as a working model for
the characterization of interactions involving Gp96 and patho-
gen products. OmpA interacts with the N terminus of Gp96 at
the surface of human brain microvascular endothelial cells to
promote infection (38). Here we show that despite the lack of
homology shared between OmpA and Vip the listerial protein
also interacts with the N terminus of Gp96. Interestingly, as
compared with the Hsp90 sequence, the N-terminal exten-
sion of Gp96 is specific for Gp96 (8) and probably accounts
for Gp96-specific functions such as its role in the infectious
process of different human pathogens. Whether other
pathogen proteins that bind Gp96 such as PorB from N. gon-
orrhoeae (17), Als3 from C. albicans (22), and Bap from S.
aureus (24) also interact with the N terminus of Gp96
remains unknown.

In E. coli K1 infection, the interaction of OmpA with the N
terminus of Gp96 triggers a series of host intracellular signaling
events that stimulate actin polymerization at the bacterial entry
site and assist internalization. OmpA-induced signaling is
dependent on the C-terminal domain of Gp96 and involves
focal adhesion kinase, Stat-3, PI3K, phospholipase C-vy, and
PKC-« activation (36 —40). During invasion, several L. monocy-
togenes surface proteins interact with and activate their mam-
malian receptors, inducing local membrane rearrangements
and actin polymerization that result in the tight engulfment of
the bacteria (41). Similarly to what was described for OmpA, we
investigated the capacity of Vip to trigger host intracellular sig-
naling events through its interaction with Gp96. In this context,
the activation status of focal adhesion kinase and Stat-3 in
response to L. monocytogenes infection was addressed. We did
not detect modifications in the activation profile of focal adhe-
sion kinase and Stat-3 in infected cells as compared with non-
infected cells (Ref. 6 and data not shown). These data suggest
that although OmpA and Vip bind to the same domain of Gp96
and both interactions favor bacterial invasion of host cells, the
events triggered downstream are different, indicating that the
receptor can be exploited in different ways by different patho-
gens. To date, the putative signaling events triggered by the
Vip-Gp96 interaction remain to be elucidated, thus limiting our
understanding of the Vip-dependent entry mechanism. In the
absence of Vip-induced signaling, we consider two scenarios. 1)
Vip-Gp96 interaction could cooperate with other ligand-recep-
tor interactions, contributing to the stable bacterial adhesion to
host cells and consequently favoring bacterial invasion, or 2)
besides interacting with Vip, Gp96 chaperone activity could be
critical in the surface localization of other host proteins
involved in Listeria invasion. The identification of proteins
associated to Gp96 at the cell surface in response to infection is
critical to fully understand the role of Gp96 in the invasion
process of Listeria.

In addition to its role as a cellular receptor for diverse patho-
gens, Gp96 can be exploited to modulate the host immune
response developed to fight the infection. Indeed, Gp96 has
been implicated in innate and adaptive immunity (7, 11). In
particular, it is a master chaperone for the proper localization
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and function of TLRs (11, 14, 15) and specifically binds and
activates neutrophils (42). During cellular infection, L. monocy-
togenes is exposed to plasma membrane and endosomal TLRs
(43). The recognition of L. monocytogenes by TLR2 is mediated
by listerial lipoproteins, and the lipidation of prelipoproteins in
L. monocytogenes is required to promote NF«B activation via
TLR2 (44). During Listeria infection, TLR2 was also shown to
be an important factor promoting the production of interfer-
on-f3, which constitutes an innate response to cytoplasmic
infection (45). Neutrophils are among the first inflammatory
cells to migrate toward the site of inflammation and are critical
for the early eradication of L. monocytogenes (43). Because
Gp96 acts as a TLR2 chaperone (11) and binds neutrophils (42),
we hypothesized that one of the functions of Vip-Gp96 inter-
action may lie in the sequestration of Gp96 by Listeria to impair
an immune response dependent either on TLR2 activation/sig-
naling or on neutrophil activation. We tested this hypothesis
and confirmed the role of Vip for Listeria virulence (6), the
crucial involvement of neutrophils in the immune response
against Listeria, and the weak implication of TLR2 in the in vivo
resistance to Listeria (data not shown). However, our results
also indicate that the Vip-Gp96 interaction does not seem to
play a critical role in neutrophil resistance and TLR2-depen-
dent bacterial sensing (data not shown).

In conclusion, we have demonstrated that infection by L.
monocytogenes triggers the cellular redistribution of Gp96,
inducing its surface exposure in epithelial cells. The Gp96 N
terminus is then exposed to the extracellular milieu and inter-
acts with Vip expressed by L. monocytogenes via its first 170
amino acid residues, facilitating Vip-mediated invasion. How-
ever, the role of Gp96 in the broader context of Listeria infec-
tion is still unknown. Interestingly, a recent report shows that
the TLR-MyD88 pathway was implicated in the increase of
cell surface expression of Gp96, providing a new molecular
mechanism underlying TLR-mediated Gp96 regulation (46).
Upon infection, epithelial cells could thus via the TLR-
MyD88 pathway induce the surface expression of Gp96 that
would then be subverted by Listeria to promote its Vip-de-
pendent internalization. In addition, as Gp96 is known to
participate in the folding and assembly of many secretory
and membrane proteins, we therefore wonder whether it
participates in the cell membrane targeting of other proteins
involved in Listeria infection.
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